Spin-wave resonance measurements were performed in the mixed magnetic phase regime of a Pd-doped FeRh epilayer during the first order ferromagnetic-antiferromagnetic phase transition. The effective exchange constant taken from these measurements decreases with increasing antiferromagnetic volume fraction, implying that the exchange coupling between the two magnetic phases reduces the exchange constant in the ferromagnetic regime. This is supported by atomistic modelling that shows the antiferromagnetic order permeates into the ferromagnetic regions.
B2 ordered FeRh undergoes a first order metamagnetic phase transition from an antiferromagnet (AF) to a ferromagnet (FM) at a transition temperature T T ∼ 380 K [1]. This transition is accompanied by changes in volume [2, 3] and resistivity [4] . The metamagnetic transition in FeRh is of interest as it's close to room temperature and sensitive to a number of stimuli, such as alloy composition [5] , chemical dopants [6, 7] , strain [8] and external magnetic fields [9, 10] . This hypersensitivity can be used to manipulate T T for use in a range of possible devices architectures [11] [12] [13] [14] .
As the transition is first order in nature the two magnetic phases of FeRh can coexist within the transition, which has been observed using various imaging techniques [15] [16] [17] [18] . Despite this, and the history of AF/FM interfaces as exchange coupled systems [19] , none of the previous studies of its magnetic properties have been able to demonstrate the presence of exchange coupling between adjacent AF/FM domains in FeRh. Ferromagnetic resonance (FMR) measurements have alluded to the presence of interphase exchange coupling in the mixed magnetic phase (MMP) regime without a definitive explanation [20, 21] . The sensitivity to probes on the ns timescale suggest this is the regime in which to search for the influence of the exchange coupling.
Driving the system with a ns oscillating field allows for the excitation of perpendicularly standing spin-waves (PSSWs) which can be used to measure the effective exchange constant of magnetic materials using a technique known as Spin-Wave Resonance (SWR) [22] [23] [24] [25] . SWR is an extension of FMR with the external magnetic field applied perpendicularly to the film plane. The large anisotropy at either film surface pins the spins creating the nodes required to excite PSSWs [25] . The frequencies of the PSSW modes are determined by the effective exchange constant and the film thickness, according to [25] 
where f n is the frequency of the PSSW of mode number n, g is the spectroscopic g-factor, µ B is the Bohr magneton, B Ext is the externally applied field, M Eff is the effective magnetization within the film, a is the lattice constant, t is the film thickness and J Eff S Eff is the product of the effective exchange constant and the effective spin per atom [25] . The first term of Eq. 1 is the uniform FMR mode, f 0 , and the second term gives the higher order non-uniform standing spin wave modes.
Here, we present SWR investigations on a Pd-doped FeRh thin film at various points in the MMP regime. The sample studied was a B2 ordered FeRhPd epilayer grown using DC magnetron sputtering from an Fe 0.47 Rh 0.5 Pd 0.03 target. The MgO substrate is annealed overnight at 700 • C, the sample is deposited at 600 • C and annealed in situ at 700 • C for 1 hour. The Pd doping was used to lower T T so the transition spanned room temperature [6, 7] . After growth, the sample thickness, t, was measured using x-ray reflectivity. X-Ray Diffraction was used to measure the B2 order parameter, S [26] and the lattice constant, a. A SQUID-Vibrating Sample Magnetometer is used to measure the magnetic behavior across the transition range, characterized by the saturation magnetization µ 0 M S , the magnetic moment per Fe atom, µ Fe and the Curie temperature, T C .
The presence of FeRh peaks flanking the central substrate peak in Fig. 1(a) confirms the presence of epitaxial growth with B2 order of S = 0.71 ± 0.01 [26, 27] with a = 2.998 ± 0.001Å. The sample thickness was measured as t = 134 ± 4 nm. The magnetometry trace for the sample between 100 and 400 K is shown in Fig. 1(b) . The saturation magnetization is µ 0 M S = 1.31 ± 0.09 T, with µ Fe = 3.1 ± 0.2 µ B . The black curve shows the major loop where the transition is completed in both directions. As it was not possible to cool below room temperature in our FMR apparatus, a minor loop between 290-400 K is also shown by the blue line. Both the major and minor loops were measured in a 1 T field applied along the film plane. Fig. 1(c) shows the magnetization at higher temperatures measured in a 0.1 T field applied along the film plane. T C is extracted as T C = 656 ± 2 K using For the SWR measurements the sample was placed face down on a coplanar waveguide with a ceramic heater used for temperature control. The external out-of-plane magnetic field was applied and transmission through the waveguide was measured using a vector network analyzer. Previous SWR studies have utilized a sweeping magnetic field to achieve resonance at a given frequency [22] . However, as the transition in FeRh is sensitive to external fields, sweeping the field would induce the transition and distort the experimental results [9, 10] . To avoid this the external field was held constant at 50 mT intervals between 1.4 and 2 T and the frequency was swept from 0.01 to 26 GHz to identify the resonance positions. These measurements were performed at various temperatures on both the heating and cooling branches of the transition from the fully FM state (T = 360 K) down to the point below which no SWR peaks could be observed (T = 310 K).
An example (T = 323 K, cooling branch) set of SWR spectra are shown in Fig. 1(d) . They show prominent FMR peaks along with higher frequency peaks corresponding to SWR excitations, Fig. 1(e) shows an example spectra for B ext = 1.8 T, clearly showing PSSW excitations. Fig. 1(f) shows the peak position against n 2 which is used, along with Eq. 1, to extract the value of J Eff S Eff for each field and temperature. Only odd numbered modes are considered as the even modes do not Both panels have measurements taken on the cooling (black squares) and heating(red circles) branches alongside the value of J extracted from the T C measurement using mean field theory (horizontal black dotted line with error bars in grey).
couple to the field [25, 30] .
The dependence of J Eff on the effective temperature T Eff is shown in Fig. 2(a) , using the value of S Eff extracted from the FMR mode for each temperature set. It is necessary to use T Eff as the measure of position within the transition since the application of field shifts T T [6, 7, 10] . The mapping used is
B Ext , where T 0 is the true sample temperature and dT T /dB Ext for this sample was measured to be 9.5 ± 0.5 KT −1 .
At the highest values of T Eff ≈ 357 K the sample is in a fully FM state and there is good agreement between J Eff extracting using SWR and the value of J obtained from T C through mean field theory. As the sample is cooled J Eff declines rapidly and vanishes for T Eff 325 K. On heating, J Eff reappears at T Eff ∼ 335 K and is restored to a value comparable to J once the sample returns to a fully FM state.
The minor loop in Fig. 1(b) corresponds to the range of temperatures in which SWR measurements were taken. By defining the FM phase fraction as M/M S it is possible to map T Eff onto the minor loop to obtain J Eff as function of FM phase fraction, plotted in Fig. 2(b) . There are two striking features to this plot: (i) there is significant hysteresis between the heating and cooling branches, and (ii) that J Eff declines rapidly as soon as any AF phase fraction is present and vanishes whilst > 90% of the sample is still in the FM phase. The fields ap-plied in SWR only couple to and probe the FM phase regions in the sample. This result shows that those FM regions have their properties modified by contact with the AF regions, even though they remained ferromagnetic and their temperature is only 10-20 K below the fully FM phase.
According to Eq. 1, the wavelengths of the PSSWs are determined by the film thickness, which is taken as constant and potential pinning sites between the AF/FM domains are ignored. This assumption is validated as taking the converse approach, where J Eff S Eff is constant and the thickness varies, requires a decreasing thickness to account for the increasing spin-wave energy according to equation 1. This requires a decreasing correlation length along the thickness of the film for an increased FM fraction, which is a non-physical result.
For a better understanding of the high frequency behavior in the MMP regime, atomistic Spin Dynamics simulations were performed. It has been shown that different temperature scalings of the competing higher order four-spin and bilinear exchange interactions can lead to a first-order phase transition in FeRh systems [31] . This model utilizes the four-spin approach to mediate the interactions due to the Rh moment and is responsible for the AF ordering at low temperature. At higher temperatures the AF order breaks down and the FM ordering given by the bilinear exchange dominates, giving rise to the transition. The spin Hamiltonian described in Ref. 31 includes the nearest and next-nearest neighbour contributions to bilinear exchange in form of exchange and four-spin interaction, and has been modified here to include the uniaxial anisotropy such that:
where J i j and D i jkl represent the bilinear and four-spin exchange interactions between Fe atomic sites, K u represents the uniaxial anisotropy constant with e representing the easy axis direction. These simulations have been implemented in the VAMPIRE software package [32] . To simulate the SWR experiments, the experimental scenario is replicated exactly, with a RF field B RF applied within the film plane at frequency ν whilst an external field B Ext is applied perpendicularly to it. The time dependence of the in-plane magnetization was then Fourier transformed and the amplitude used to extract SWR spectra. A large surface anisotropy is included by pinning the spins at either end of the film thickness. The thermal hysteresis associated with the first-order phase transition is due to the coexistence of the two magnetic phases and needs to be assured by a large enough system size. As the four-spin exchange term is computationally expensive it is necessary to introduce the mixed phase regime artificially in manageable system sizes.
To achieve this a central region z D atomic planes thick has the strength of its four-spin exchange interaction D i jkl increased to D q,2 , creating a region with a higher T T than its surroundings in which D i jkl = D q,1 . For an appropriate temperature range this generates an AF layer between FM regions, as seen in Fig. 3(a) . The thickness of the enhanced D i jkl region was varied to simulate different points within the transition. This FM/AF/FM geometry is an idealized interpretation of the experimental observations of AF/FM domain development [33] [34] [35] [36] . The parameters used in the simulations are presented in Table I and are taken from the four-spin model given in Ref. 31 , with K u taken from Ref. 37 . The temperature dependent magnetization for each z D was extracted by simulating the same conditions as the experimental geometry, shown in Fig. 3(b) . Adding the intermediate AF region gives a wide range of temperatures in the which the MMP regime exists, yielding broad transitions qualitatively comparable to that of the experimental sample.
The Fourier-transformed first SW modes for z D = 20 at several temperatures is shown in Fig. 3(c) , demonstrating a reduction in resonant frequency and amplitude with temperature. This represents a decreasing effective bilinear exchange constant with temperature as consistent with the experimental results. The redshift of the resonant frequency cannot be attributed to a reduction in the effective thickness of the FM ordered regions according to Eq. 1. The variations between simulations and experiment for the position of the SW modes are due to thickness differences.
Attempting to quantify the effect of AF order on adjacent FM domains leads to simulations of the system under fieldcooled conditions. These measurements began at simulation temperatures of 750 K in a B Ext = 2 T field and are cooled to either 100, 120, or 140 K. The system was field cooled for 1 ns and allowed to evolve for the same time again after which the system has equilibrated. An example simulation output of the temporal evolution for the z D = 10 system is in Fig. 3(a) . It is striking that the AF order extends beyond these 10 layers and permeates into the FM regions, indicating a strong coupling across the FM/AF interface. To quantify the extent of this penetration, the average magnetization per layer in the FM region is fitted to f (z) = M S − Ae in the FM region, A is the penetration amplitude and z p is the penetration depth beyond the enhanced D i jkl in atomic layers. An example of this fitting is seen in Fig. 3(a) .
The average fitting results are shown in Fig. 3(d) and (e). These show that between 1 and 5 atomic layers expected to have FM order based on their local exchange interactions have been driven into AF order by proximity to the region of enhanced D i jkl , depending on temperature and the thickness of the mediating AF layer. Both the amplitude and penetration depth of the AF order beyond the region of enhanced D i jkl becomes less as the temperature rises since the four-spin exchange contribution weakens relative to the bilinear contribution on approach to the completion of the phase transition.
To conclude, SWR measurements of a Pd-doped FeRh epilayer at various points within the transition reveal a reduction in the SWR mode frequencies in the MMP regime, corresponding to a suppression of the effective exchange constant J Eff . The suppression is below the fully FM value that corresponds well with the mean field interpretation from an independent measurement of T C . This suppression becomes larger as the FM phase fraction decreases and J Eff vanishes whilst M/M S is still ∼ 90%. As SWR measurements only probe FM regions it is clear their properties are modified by the presence of even modest amounts of AF ordered material with which they are in direct contact.
To better understand this phenomenon, complementary atomistic spin-dynamic simulations of an idealized FM/AF/FM geometry were performed. Here the AF phase fraction was controlled using a thin layer of variable thickness z D whose four-spin interaction strength was enhanced relative to its surroundings. A similar reduction of SWR mode frequency with temperature was observed in the simulations. This is connected to the propagation of AF order beyond the region of enhanced four-spin exchange.
The agreement of the experiment and the simulation results suggests that the interpretation that the coupling across the AF/FM interface adversely affects the value of the exchange constant is correct. The simulations show the FM regions are altered significantly when in contact with the AF domains, thus confirming the presence of exchange coupling between the AF and FM domains in the MMP of a B2-ordered FeRh system. This work was supported by the Diamond Light Source, the UK EPSRC (grant number EP/M018504/1), the Advanced Storage Research Consortium and a Grant-in-aid for Scientific Research on Innovative Area, "Nano Spin Conversion Science" (Grant No. 26103002). * These authors made equal contributions to this work.
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